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Abstract
Background: In gonochoristic vertebrates, sex determination mechanisms can be classified as genotypic (GSD) or
temperature-dependent (TSD). Some cases of TSD in fish have been questioned, but the prevalent view is that TSD is very
common in this group of animals, with three different response patterns to temperature.
Methodology/Principal Findings: We analyzed field and laboratory data for the 59 fish species where TSD has been
explicitly or implicitly claimed so far. For each species, we compiled data on the presence or absence of sex chromosomes
and determined if the sex ratio response was obtained within temperatures that the species experiences in the wild. If so,
we studied whether this response was statistically significant. We found evidence that many cases of observed sex ratio
shifts in response to temperature reveal thermal alterations of an otherwise predominately GSD mechanism rather than the
presence of TSD. We also show that in those fish species that actually have TSD, sex ratio response to increasing
temperatures invariably results in highly male-biased sex ratios, and that even small changes of just 1–2uC can significantly
alter the sex ratio from 1:1 (males:females) up to 3:1 in both freshwater and marine species.
Conclusions/Significance: We demonstrate that TSD in fish is far less widespread than currently believed, suggesting that
TSD is clearly the exception in fish sex determination. Further, species with TSD exhibit only one general sex ratio response
pattern to temperature. However, the viability of some fish populations with TSD can be compromised through alterations
in their sex ratios as a response to temperature fluctuations of the magnitude predicted by climate change.
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Introduction
Sex determination mechanisms produce the sex ratio, a key
demographic parameter crucial for population viability. In gono-
choristic vertebrates, sex determining mechanisms can broadly be
classified as genotypic (GSD) or temperature-dependent (TSD) [1,2].
In species with TSD, there are no consistent genetic differences
betweensexes.Theearliestontogeneticdifferencebetweensexesisan
environmentalone becausetheambient temperatureduring sensitive
periods of early development irreversibly determines phenotypic sex
and, therefore, the sex ratio [1,2]. Thus, species with TSD have been
proposed to be reliable indicators of the biological impact of global
warming, since temperature-induced sex ratio shifts constitute a
direct fitness response to thermal fluctuation [3].
So far, predicted effects of climate change on fish populations
include distribution shifts [4], alterations in developmental time
and larval dispersal [5], decrements in aerobic performance [6],
and mismatches in species interactions [7]. Climate change effects
on the sex ratio have already been inferred for some sea turtles
with TSD [8,9], but are lacking for fish. Thus, knowledge of the
extent to which temperature affects sex ratios is relevant in order
to gauge potential threats of rising temperatures on fish
populations. Further, knowing the prevalence of TSD is essential
for the correct theoretical and empirical study of the evolution of
sex determining mechanisms [2], because otherwise inferences on
the distribution and prevalence of a particular type of mechanism
may be biased [10].
In fish, the first evidence of TSD was obtained in field and
laboratory studies carried out in the Atlantic silverside, Menidia
menidia (F. Atherinopsidae) [11]. Since then, TSD has been
claimed in 59 different species (33 of them of the genus
Apistogramma, F. Cichlidae, and all included in the same study)
belonging to 13 families representative of many types of fishes (see
Table S1 in the Supplementary Materials). Fish with TSD have
readily been grouped according to three patterns of sex ratio
response to environmental temperature [12–16]: 1, more males at
high temperature; 2, more males at low temperature; and 3 more
males at extreme (high and low) temperatures (Fig. 1). However, a
critical examination of sex ratio produced in response to
temperature in fish has never been carried out. Based on all the
available data on TSD in fish, it has been reported that 53–55
(including the 33 species of the genus Apistogramma), 2–4 and 2 of
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Note that what here are referred to as patterns 1 and 2 of fish
essentially corresponds to what in reptiles are referred to as
patterns Ib and Ia, respectively. However, pattern 3 of fish is not
equivalent to pattern II of reptiles (female-biased sex ratios at low
and high temperatures and male-biased sex ratios at intermediate
temperatures) but it could be considered an inverse of it.
GSD and TSD can be regarded as two discrete processes that
give rise to a continuous pattern of sex determination mechanisms
[2], or as two ends of a continuum [17]. In any case, the presence
of TSD in a given species is not incompatible with the existence of
genotype x environment interactions, which are common in fish,
including Menidia [15,18,19]. However, too often assignment of
TSD in many fish species has proceeded regardless of evidence
such as the presence of sex chromosomes, which is strongly
indicative of GSD [1,2,15]. Further, the Atlantic silversides
(Menidia menidia and M. peninsulae) are the only fish species in
which the existence of TSD has been demonstrated in the wild; in
all other species, data were obtained from laboratory experiments
[16]. Thus, evidence to support the presence of TSD has been
obtained in many cases using temperatures in the laboratory that
the species will rarely experience in nature. It has been pointed out
that observed sex ratio shifts under these circumstances might be
the consequence of thermal effects on GSD (GSD+TE) rather than
proof of the presence of TSD [2,16]. Thus, there is concern
regarding the actual prevalence of TSD in fish. In particular, to
discern true cases of TSD from GSD+TE [16]. Nevertheless, the
existence of TSD in fish is now widely accepted, assumed to be
widespread and expected to be found in more species as new
studies become available [10,12].
The objective of this study was to assess the prevalence of TSD
in fish by taking the species where this type of sex determining
mechanism has been claimed and applying a series of proposed
criteria to discern true cases of TSD from cases of GSD+TE.
These included checking for the presence of sex chromosomes and
determining whether the temperature used to elicit a change in sex
ratios was ecologically relevant, i.e., a temperature that the species
usually experiences in nature during the thermosensitive period.
We found that TSD is far less widespread that currently thought.
We also found that species who actually have TSD exhibit only
one single response pattern, not three, producing highly male-
biased sex ratios in response to even small increases in
temperature. Thus, in one hand, by defining the species that
actually have TSD, this study contributes to our understanding of
the evolution of sex determining mechanisms. On the other hand,
it reports previously unaccounted possible effects of global
warming on fish sex ratios.
Materials and Methods
Species selection
The 59 species analyzed in this study include all those
gonochoristic fishes for which TSD has been explicitly or implicitly
assumed as reported in published reviews on the subject [12–16],
as well as in later publications in the primary literature (Table S1).
The species are representative of freshwater, estuarine and marine
ecosystems. The only hermaphroditic species where TSD has been
claimed, the self-fertilizing cyprinodont Kryptolebias (Rivulus)
marmoratus, was not included in our study. In this species, there
are no females; essentially all individuals develop as hermaphro-
dites. Exposure to low temperature during early development
increases the proportion of gonochoristic males from ,3 to 72%
[20]. Similarly, the Southern brook lamprey, Ichthyomyzon gagei, and
the eels, including the American eel, Anguilla rostrata, were not
included because the circumstantial evidence available so far
points to growth-dependent sex differentiation [21] rather than to
TSD in these species [22,23].
Data collection
For each species analyzed, field data, including the range of
natural temperature in which the species can live (RNT), the range
of temperature during development in the wild (RTD) as well as the
lethal temperature (LT), when available, were obtained from ad hoc
reviews, e.g., [24], Fishbase [25], or specific sources, as indicated in
Table S1. Experimental (mostly laboratory) data were also compiled
from the primary literature, as indicated in Table S1.
Diagnosis of temperature-dependent sex determination
(TSD) as opposed to genotypic sex determination plus
temperature effects (GSD+TE)
To determine the actual prevalence of TSD in fish and to
furnish robust patterns of sex ratio response to temperature, we
have used a comparative analysis consisting of the application of
two independent criteria to identify the presence of TSD (Fig. 2).
The first is that of Valenzuela et al. [2], which: (i) stresses that the
presence of chromosomal systems of sex determination such as
Figure 1. Patterns of temperature-dependent sex determination (TSD) in fish that had been recognized to date. They are defined
according to the sex ratio produced as a function of temperature during the thermosensitive period. A, Pattern 1, low temperatures produce female-
biased sex ratios and high temperatures produce male-biased sex ratios. B, Pattern 2, low temperatures produce male-biased sex ratios and high
temperatures produce female-biased sex ratios. C, Pattern 3, male-biased sex ratios are produced at low and high temperatures, while balanced sex
ratios are produced at intermediate temperatures. In some cases, the response may be partial (dashed line in A). The present study demonstrates that
fish species with TSD only exhibit pattern 1.
doi:10.1371/journal.pone.0002837.g001
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between sexes, constitutes a very strong evidence of the presence of
GSD, and thus it is extremely unlikely that species with these
chromosomal systems have TSD. The evidence for sex chromo-
somes may have been obtained with direct (karyotyping, banding)
or indirect methods (e.g., progeny analysis of sex-linked traits,
mating experiments or crosses with sex-reversed fish); (ii) considers
induced sex ratio shifts that occur only at extreme (but not
defined), ecologically irrelevant temperatures, not proof of TSD.
The second criteria, which complements the former, is that of
Conover [16], which establishes that in order for a species to have
TSD, sex ratio shifts in response to temperature fluctuations must
occur within a certain range, defined as the range of natural
temperature (RNT) in which the species lives. However, since the
thermosensitive period in the vast majority of fish examined so far
is usually located during early development, and particularly
during the larval stages [12–16], a modification of the criterion in
Conover [16] was used for final assignment of TSD to a given
species. Therefore, only those species for which sex ratio shifts
occurred not within the RNT but instead within the RTD -the
range of temperatures during the period of development that
usually includes the thermosensitive period- were considered
candidates for having TSD. Particularly in seasonally breeding
species of temperate latitudes, RTD is contained within RNT but
the opposite is not true (Table S1). Thus, response within the RNT
is not enough evidence for TSD. Using the RTD instead of the
RNT has the additional advantage of incorporating additional
criteria of Valenzuela et al. [2] other than the absence of sex
chromosomes, since it facilitates excluding cases of sex reversals
induced at extreme temperatures, another possible source of
confusion. When a species has a sex chromosomal system and/or
sex ratio response to temperature occurring at extreme temper-
Figure 2. Set of criteria used to determine the presence of temperature-dependent sex determination (TSD) as opposed to
genotypic sex determination (GSD), and to distinguish TSD from thermal effects on GSD (GSD+TE). This algorithm is based on the
criteria of Valenzuela et al. (2003), and incorporates a modification of the criteria of Conover (2004). See text in the Materials and Methods section for
a complete explanation. *Indicates that the evidence for a sex chromosomal system may come from direct (karyotyping, banding) or indirect
methods (e.g., progeny analysis of sex-linked traits, mating experiments or crosses with sex-reversed fish). **Indicates that the sex ratio shift must
occur within the range of developmental temperatures during development that includes the thermosensitive period (RTD) regardless of whether
there is response within the range of natural temperatures where the species lives.
doi:10.1371/journal.pone.0002837.g002
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RTD (e.g., Fig. 3B), and hence ecologically irrelevant, then TSD is
essentially very unlikely. These instances are more appropriately
referred to as cases of naturally- or experimentally-induced
alterations of genotypic sex determination or genotypic sex
determination plus temperature effects (GSD+TE) [2,16] rather
than TSD. Thus, for any given species to have TSD, it should fulfill
bothofthefollowingtwoconditions:1)nothavingsexchromosomes,
and 2) have sex ratio response to temperature within the RTD
(Fig. 2). The possible error in proceeding in this manner is negligible
and smaller than doing the opposite, i.e., classifying a species as
havingTSD thathas sex chromosomes,which inmostcases isstrong
evidence of GSD, and/or that exhibits sex ratio shifts at artificially
high or low temperatures, which is ecologically irrelevant.
Statistical analysis
Sex ratio deviations from 1:1 in Ictalurus punctatus were checked
by applying the Chi-square test [26] to data provided in the
original source [27], as depicted in Table S1.
Sex ratio data originally obtained from monosex (all-female)
populations exposed to different temperatures were transformed to
make them comparable with data obtained with mixed-sex
populations of the same species by applying the following formula:
Percent males in a 1:1 (male:female) population=50+(percent
males in the all-female population/2). Thus, for example, an all-
female population that at 20uC the percent of males was 0% and
at 28uC was 66% (indicating that two thirds of the females were
masculinized) would be equivalent to an 1:1 population that at
20uC the percent of males was 50% and at 28uC was 50+(66/
2)=83%. Notice that the possibility of producing all-female stocks
is indicative that the species in question has a chromosomal system
of sex determination, usually of the XX/XY type, thus suggesting
the presence of GSD rather than of TSD, as is demonstrated.
The presence of a significant sex ratio response to temperature
within the RTD and the verification of the presence of TSD in
species diagnosed as having such mechanism of sex determination
after applying the criteria explained above was carried out as
follows: First, we tested if there was a statistically significant
relationship between sex ratio produced and temperature by using
the Spearman rank correlation coefficient method. If so, then we
compared the slope with the F-test [26] to check whether it was
different from zero.
In a few instances, more than one intermediate temperature has
been tested. In these cases, for economy of space in the Table S1
only the average sex ratio value, representative for all the
intermediate temperatures, is shown. However, for the regressions,
all the available intermediate temperatures were used from the
original sources. Likewise, each one of the 33 species of the genus
Apistogramma studied by Ro ¨mer and Beisenherz [28] was checked
individually and the presence of TSD also confirmed statistically
on a one-by-one basis, but for simplicity an average result
representative of all of them is presented.
In all cases, sex ratio data expressed as percentages (i.e., 100?p,
where p is the proportion of males) were arcsin transformed (arcsin
of the square root of p) prior to statistical analysis [26]. Statistical
analyses and graphs were carried out with the aid of StatGraphics
v. 5.1 and Graphpad Prism Software v.4.0.
Results
Our results show that of the 53–55 species (depending on the
authors) previously assigned to pattern 1, the 33 cichlid species of
the genus Apistogramma indeed exhibit pattern 1 (Fig. 3A a; Table 1)
fulfilling the criteria for the assignment of TSD. However, only
seven other species of the remaining 20–22 adhere to pattern 1
and have TSD (Fig. 3A b,c). In all but one of the species with TSD
the best fit to the experimental data on sex ratio response to
temperature was obtained with a linear regression (Y=a+bX). In
Menidia menidia, however, the best fit was obtained with a
reciprocal-X model (Y=a+b/X) (Fig. 4). Included among the
species that did not pass the criteria to be diagnosed as true cases
of TSD are some established research models such as the zebrafish
(Danio rerio) and the medaka (Oryzias latipes) (Fig. 3B a,b).
Regarding pattern 2, analysis of the original data [27] of
channel catfish (Ictalurus punctatus) (Table S1) in fact showed no
differences with respect to the 1:1 sex ratio (Chi-square test=1.42,
P=0.233) (Fig. 3B c). Likewise, additional experiments in sockeye
salmon (Oncorhynchus nerka) reported in Azuma et al. [29] (Fig. 3B c)
evidenced the presence of pattern 1 instead of pattern 2, as it had
been previously suggested [30]. However, both the channel catfish
and the sockeye salmon have sex chromosomes and tested
temperatures fall outside the natural range (Table 1). Therefore,
these are cases of GSD+TE, not of TSD.
Regarding pattern 3, the two flatfishes previously assigned to
this pattern (Fig. 3C), the olive flounder (Paralichthys olivaceus) [31]
and the Southern flounder (P. lethostigma) [32], each failed one of
the TSD-determining criteria (Table 1).
Based on the relationship between temperature and sex ratio
produced as shown in Table 1, we calculated that fish species with
TSD exhibit an average (mean6S.E.M.) pivotal temperature (PT,
temperature that produces balanced sex ratios) of 23.361.5uC
(Table 2). Then, in the scenario of global warming, we took two
temperature increases: 1.5 and 4uC, representative of a very likely
increase in temperature of water bodies in the upcoming decades
and of the maximum predicted increase by the end of this century
[33], respectively. With an increase of just 1.5uC, the average
number of males in the species with TSD would increase to
61.762.1%, and with an increase of 4uC, the average number of
males would increase to 78.064.1%, i.e., the sex ratios
(male:female) would shift from 1:1 to ,2:1 and to ,3:1,
respectively (Table 2).
Discussion
Prevalence of TSD in fish and response patterns
In reptiles, where TSD was first discovered in vertebrates, this
mechanism of sex determination is now well established (see the
book by Valenzuela and Lance [34], for reviews). In contrast, in
fish, the absolute number of studies is more limited and,
significantly, only few of them, concerning the Atlantic silversides,
have been carried by samplings in the wild [16], while most have
been carried out under controlled laboratory conditions. This may
probably reflect the difficulty of sampling fish at different
developmental stages in the wild and, especially, correlating
environmental variables during critical thermosensitive periods
with resulting sex ratios when adults. However, despite these
limitations, this situation did not prevent that TSD was until now
considered a widespread mechanism of sex determination in fish.
Further, based on sex ratio response to temperature, fish species
where TSD had been claimed had been grouped into three
response patterns.
The analysis of sex ratio response to temperature, considering
the scope of such response as well as the presence or not of sex
chromosomes, carried out in the present study indicated that many
species where TSD had been claimed before are in fact GSD
species affected by temperature, i.e., cases of GSD+TE. In
GSD+TE species, temperature rather than being the external
environmental factor controlling sex determination is capable of
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PLoS ONE | www.plosone.org 5 July 2008 | Volume 3 | Issue 7 | e2837Figure 3. Patterns of sex ratio response to temperature in fish. A, Examples of authentic cases of TSD following pattern 1, more males with
increasing temperatures. Sex ratio shifts occur within the range of temperature (shaded areas) normally experienced by fish in the wild. B, Examples
of false cases of TSD. Sex ratio shifts only occur at extreme temperatures, and thus represent thermal effects on GSD (a, b). Formerly proposed pattern
2 (c), fewer males at high temperature, is not supported by re-analysis of data (see also Supplementary Table 1). C, Formerly proposed pattern 3,
more males at extreme temperatures, can be explained from the combination of two effects unrelated to TSD: slow growing fish at low temperature
differentiating as males (a), and the inhibition of aromatase at high temperature causing sex-reversal of genetic females (b). When combined, the two
effects result in the observed pattern (c).
doi:10.1371/journal.pone.0002837.g003
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circumstances. This distinction is not trivial nor semantic since,
according to the canonical definition [1], in TSD species the first
ontogenetic difference between sexes is an environmental one
(temperature), whereas in GSD+TE species sex determination
remains under genotypic control.
Our results support the presence of pattern 1 of sex ratio
response to temperature (more males with increasing temperature)
but the number of species with TSD is much lower than previously
considered and concern mainly species of the families Cichlidae
followed by species of the family Atherinopsidae. In addition, we
have demonstrated that pattern 2 of sex ratio response to
temperature does not exist in fish.
Regarding pattern 3, we propose that this pattern is the result of
two independent effects unrelated to TSD (Fig. 3C). First, since
exposure to low temperatures decreases growth rates in poiky-
lothermic animals, the increase in males at low temperatures is
likely the result of male development according to the threshold
model for growth-dependent sex differentiation [21]. Briefly,
applied here this model states that when a critical time is reached
during development, a sexually undifferentiated gonad will
develop as an ovary or as a testis depending on whether it has
attained a certain size above or below a threshold, respectively
(Fig. 3C a). In fact, a reduction in the number of females was
observed among the lower growing fish in the olive flounder, one
of the species previously assigned to pattern 3 [35]. Although
initial exposure to low temperatures in some cases favors female
sex differentiation (as in pattern 1), it is now known that if such
exposure is prolonged, thus delaying growth, then male sex
differentiation occurs [36]. The preponderance of males at low
temperatures also coincides with the left half of pattern 2.
Therefore, this pattern sometimes has been also erroneously
assigned to species such as the sea bass (Dicentrarchus labrax)
(Table 1), where growth-dependent sex differentiation occurs [36].
The other effect, the increase in males at high temperatures in
species previously assigned to pattern 3, is likely the result of sex-
reversal of females as a consequence of the inhibition of aromatase
(Fig. 3C b), the enzyme that produces estrogens essential for
female sex differentiation in fish [37]. When combined, the two
effects produce pattern 3 (Fig. 3C c). In addition, the observed sex
ratio response to temperature, especially in the Southern flounder,
partly occurs outside the RTD, thus not being representative of
true TSD. The inhibition of aromatase at high temperatures –and
the consequent increase in the number of males- has also been
reported in some species without TSD [15,38], also explaining
why they were assigned to pattern 1, and, interestingly, also seen in
many species of reptiles [34,39]. Thus, we find that only pattern 1
of sex ratio response to temperature is present in fish with TSD
(Figure 4), since analysis of the available data does not support the
existence of patterns 2 and 3, as accepted until now. This contrasts
with the accepted existence of three response patterns in reptiles
[34], although perhaps they should be revisited, as done in this
study with fish. Further, it has been recognized that the prevalent
pattern in reptiles with TSD is pattern Ib [40], which is the
equivalent of pattern 1, found to be the only one actually present
in fish.
Figure 4. Patterns of sex ratio response to temperature in
species of fish with TSD. In all cases, higher temperatures imply a
higher number of males produced. Key: 1, Mendia menidia;2 ,
Odontesthes bonariensis;3 ,Hoplosternum littorale;4 ,Poeciliopsis lucida;
5, average of the 33 Apistogramma species; 6, Limia melanogaster;7 ,
Menidia peninsulae;8 ,Odontesthes argentinensis.
doi:10.1371/journal.pone.0002837.g004
Table 2. Pivotal temperature in fish species with TSD and predicted sex ratio shifts with temperature increases.
Species Pivotal temp. (uC)
Percent of sexes (=:R) at pivotal
temp.+1.5uC
Percent of sexes (=:R) at pivotal
temp.+4uC
Apistogramma spp* 25.3 62 : 38 81 : 19
Hoplosternum littorale 18.8 56 : 44 65 : 35
Limia melanogaster 25.8 57 : 43 68 : 32
Menidia menidia 14.5 61 : 39 75 : 25
Menidia peninsulae 26.6 57 : 43 69 : 31
Odontesthes argentinensis 25.7 60 : 40 76 : 24
Odontesthes bonariensis 24.2 73 : 27 98 : 2
Poeciliopsis lucida 25.6 68 : 32 92 : 8
Pivotal temp. (mean6S.E.M.) 23.361.5 - -
Percent males (mean6S.E.M.) - 61.762.1 78.064.1
*Average of the 33 species shown in Table S1.
doi:10.1371/journal.pone.0002837.t002
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understanding of the evolution of vertebrate sex determining
mechanisms. They still agree with the view that TSD has evolved
independently many times [1,2,40], but we find TSD to be present
in only four orders, which include only three of the seven used by
Mank et al. [10] to discuss the evolution of sex determining
mechanisms specifically in fish. Thus, there is no close relationship
among the families where TSD is present (Fig. 5), and many
species within the same families are well known for having GSD,
suggesting that TSD is clearly the exception in fish sex
determination. The phylogenetic distribution suggests that, when
it occurs, TSD in fish is a derived rather than an ancestral
mechanism. However, there are at least 27,977 known species of
teleosts [41] and although admittedly the available data on sex
determination are a good representation of the biodiversity, it has
to be borne in mind that the number of species examined is still a
minority so far. Thus, the picture shown here may change one day
as new species are examined in regards to their sex determination
mechanisms.
What is the reliability of the original data used to assign TSD in
the different species that survived our analysis? In the species of the
F. Atherinopsidae (silversides) the evidence seems robust
[11,13,16,18,19], but it should be remembered that the species of
the genus Odontesthes data has been obtained from laboratory
experiments. In the genus Apistogramma (South American Cichlids),
TSD was demonstrated in many species and thus also seems well
established, although the evidence gathered so far originates from a
single study [28]. The same situation applies for the atipa,
Hoplosternum littorale, an Amazonian freshwater fish, where several
batches of eggs were used and tested temperatures corresponded to
the natural fluctuation; however, data originates from a single study
[42]. In contrast, data concerning Poeciliopsis lucida, a freshwater fish
from Mexico, not only comes from a single study [43] but also the
two strains used were highly inbred, one responding to temperature
and the other not. The former passed the criteria for being classified
as TSD but whether similar results would be obtained with other
strainsremainstobedetermined.Further,thisisaviviparousspecies,
and viviparity seems incompatible with the requirements to develop
TSD [2]. Thus, further research would be necessary to establish
whether P. lucida has populations with GSD and others with TSD or
whether it is a GSD+TE species.
The criteria used here allow the identification of the presence of
TSD in a given species. However, this does not exclude the
possibility that these species may also have populations with GSD.
Therefore, populations with GSD and TSD may co-exist in a
single species [16]. Here it is interesting to notice that even in these
cases, the pattern of sex ratio response to temperature is invariably
pattern 1. On the other hand, it should be noted that the
identification of sex chromosomes, particularly if they are
homomorphic, can depend on the sensitivity of the method used
to search for them. Thus, the number of species with TSD may be
further reduced in the future as new technical developments, such
as new fluorescent molecular probes, increase our ability to detect
sex chromosomes.
The tilapias (genus Oreochromis) deserve special attention, not
only because their importance for aquaculture but also because
some of them constitute established research models where many
studies on the effects of temperature in fish sex differentiation have
been carried out [12–15]. Tilapias did not pass our criteria to be
considered TSD species because there are genetic differences
between sexes that can be discerned with direct and indirect
methods. In fact, currently the genetic sex determinism of tilapias
is becoming well understood [44]. Further, recent studies have
shown that some tilapia populations adapted to extreme conditions
can tolerate temperatures close to 40uC and have rightly pointed
out that high temperature influences the normal course of sex
differentiation with the resulting masculinization of genetic females
[45]. Thus, in accordance with the definitions used here and
elsewhere [2], tilapias, then, are a prime example of GSD+TE
species, but not of TSD species. To avoid confusion, then, if for a
given species there is no compelling evidence of the presence of
TSD is better to use the term ‘‘temperature effects on sex ratios’’
or ‘‘temperature effects on sex differentiation’’, but not ‘‘temper-
ature-dependent sex determination’’.
TSD in fish and climate change
How species with TSD will respond to current rapid climate
change is a timely question [3,9,40]. Some data is available for sea
turtles with TSD [8,9] but is non-existent for fish. Based on the
information gathered in the present study some predictions can be
made, although it should be taken into account that they are based
on a simple linear correlation between temperature and resulting
sex ratio. However, in the absence of field data, they are the best
educated guess one can make based on the data available so far.
The species identified as having TSD in this study constitute a
heterogeneous group since they include both freshwater and
marine species living also both in low and high latitudes. Some of
them are typically eurithermal while others are stenothermal and,
further, they exhibit different reproductive strategies.
Similarly, global warming is not a heterogeneous process, since
it affects different parts of the Earth differently. Globally, however,
mean temperatures of water bodies are projected to increase by up
to ,4uC by the end of this century according to plausible global
change scenarios [33]. Even modest changes of 1–2uC may
significantly skew the sex ratio, as already shown in field studies
with turtles [3] and sea turtles [9]. In fish, observations made with
M. menidia eggs collected from the wild have shown that differences
of 2uC during the thermosensitive period can result in sex ratio
shifts from 50% to 69% males [19].
Thus, the number of females in species with TSD, some of
which are of economic or recreational importance, could decrease.
One such species is the Argentinean silverside (O. bonariensis),
where recent studies suggest thermal effects on gonadal develop-
ment already occurring in natural populations [46]. The species
with the least pronounced slopes in the relationship between
temperature and the sex ratio produced would be less affected or
not affected at all. In O. bonariensis, an increase of just 1.5uC could
shift the percent males from an average of 50% to ,73%, that is,
from 1:1 to ,3:1. Since the reproductive potential of many fish
communities is determined by the number of females available for
egg production [47], highly male-biased sex ratios would likely
affect population structure and the viability of sensitive stocks.
Potential temperature effects on sex ratios could be difficult to
quantify if they are mitigated by other global warming-induced
effects, including species distribution shifts [4]. In addition, skewed
sex ratios may favor frequency-dependent selection of the less
abundant sex, the evolution of TSD towards its disappearance or
adjustments in the pivotal temperature [48]. In contrast to past,
naturally occurring fluctuations of global temperature, the current
climate change event with anthropogenic influences is character-
ized by its fast pace [33]. Thus, it has been suggested that sensitive
species, including species with TSD, could not adapt fast enough
to the rapid change in temperatures brought by the new thermal
situation [3].
It should be noted that the impact of temperature on sex ratios
could also affect species with identifiable sex chromosomes (by
causing sex reversal) provided that those effects occur at
temperatures within the natural range, or the new shifted range.
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PLoS ONE | www.plosone.org 8 July 2008 | Volume 3 | Issue 7 | e2837Figure 5. Distribution of temperature-dependent sex determination (TSD) in fish. Orders, families and species with TSD are marked in
color. Teleost phylogeny based on Nelson [41].
doi:10.1371/journal.pone.0002837.g005
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determine if, by virtue of their possible higher sensitivity to
temperature, species with TSD are better indicators of the impacts
of climate change on sex ratios than GSD+TE species.
Conclusions
In this study, we performed an analysis of field and laboratory
data related to fish species for which TSD was assumed. By
applying a series of criteria accepted to ascertain the actual
presence of TSD, we can reasonably affirm that, excluding the
species of the genus Apistogramma, in approximately 75% (19 out of
26) of the species considered to have TSD so far, observed sex
ratio shifts at extreme temperatures are most likely the
consequence of thermal effects on GSD rather than proof of the
existence of TSD. Thus, there may be species in which TSD has
not yet been discovered but, contrary to the prevailing view, TSD
in fish is not as widespread as currently thought, and, importantly,
only one general pattern of sex ratio response to temperature
exists. However, species which do possess TSD, or species with
GSD+TE, may compromise their viability by diminishing the
number of females in response to even small increases in water
temperatures.
Supporting Information
Table S1 Temperature-Dependent Sex Determination in Fish.
Prevalence, Existence of a Single Sex Ratio Response Pattern, and
Possible Effects of Climate Change.
Found at: doi:10.1371/journal.pone.0002837.s001 (0.35 MB
DOC)
Acknowledgments
We would like to thank the following persons: M. Bla ´zquez, J. Cerda `, N.
Mrosovsky, S. Sarre, M. Schartl and J. Vin ˜as for helpful comments; F.
Mayou for providing advice on statistical analyses; and J.I. Fernandino for
providing information on Odontesthes sp.
Author Contributions
Conceived and designed the experiments: FP. Performed the experiments:
NO. Analyzed the data: NO FP. Wrote the paper: FP.
References
1. Bull JJ (1983) Evolution of sex determining mechanisms. Menlo Park: Benjamin/
Cummings. 316 p.
2. Valenzuela N, Adams DC, Janzen FJ (2003) Pattern does not equal process:
Exactly when is sex environmentally determined? Am Nat 161: 676–683.
3. Janzen FJ (1994) Climate change and temperature-dependent sex determination
in reptiles. PNAS 91: 7487–7490.
4. Perry AL, Low PJ, Ellis JR, Reynolds JD (2005) Climate change and distribution
shifts in marine fishes. Science 308: 1912–1915.
5. O’Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester SE, et al. (2007)
Temperature control of larval dispersal and the implications for marine ecology,
evolution, and conservation. PNAS 104: 1266–1271.
6. Po ¨rtner HO, Knust R (2007) Climate change affects marine fishes through the
oxygen limitation of thermal tolerance. Science 315: 95–97.
7. Biro PA, Post JR, Booth DJ (2007) Mechanisms for climate-induced mortality of
fish populations in whole-lake experiments. PNAS 104: 9715–9719.
8. Kamel SJ, Mrosovsky N (2006) Deforestation: risk of sex ratio distortion in
Hawksbill sea turtles. Ecol Appl 16: 923–931.
9. Hawkes LA, Broderick AC, Godfrey MH, Godley BJ (2007) Investigating the
potential impacts of climate change on a marine turtle population. Global
Change Biol 13: 923–932.
10. Mank JE, Promislow DEL, Avise JC (2006) Evolution of alternative sex-
determining mechanisms in teleost fishes. Biol J Linn Soc 87: 83–93.
11. Conover DO, Kynard BE (1981) Environmental sex determination - Interaction
of temperature and genotype in a fish. Science 213: 577–579.
12. Baroiller JF, Guigen Y, Fostier A (1999) Endocrine and environmental aspects of
sex differentiation in fish. Cell Mol Life Sci 55: 910–931.
13. Stru ¨ssmann CA, Patin ˜o R (1999) Sex Determination, Environmental. In:
Knobil E, Neill JD, eds. Encyclopedia of Reproduction. New York: Academic
Press. pp 402–409.
14. Baroiller JF, D’Cotta H (2001) Environment and sex determination in farmed
fish. Comp Biochem Physiol C 130: 399–409.
15. Devlin RH, Nagahama Y (2002) Sex determination and sex differentiation in
fish: an overview of genetic, physiological, and environmental influences.
Aquaculture 208: 191–364.
16. Conover DO (2004) Temperature-dependent sex determination in fishes. In:
Valenzuela N, Lance V, eds. Temperature-dependent sex determination in
vertebrates. Washington: Smithsonian Books. pp 11–20.
17. Sarre SD, Georges A, Quinn A (2004) The ends of a continuum: genetic and
temperature-dependent sex determination in reptiles. Bioessays 26: 639–645.
18. Conover DO, Heins SW (1987) Adaptive variation in environmental and genetic
sex determination in a fish. Nature 326: 496–498.
19. Conover DO, Heins SW (1987) The environmental and genetic components of
sex ratio in Menidia menidia (Pisces, Atherinidae). Copeia 1987: 732–743.
20. Harrington RW (1967) Environmentally controlled induction of primary male
gonochorists from eggs of the self-fertilizing hermaphroditic fish, Rivulus
marmoratus Poey. Biol Bull 132: 174–199.
21. Kraak SBM, de Looze EMA (1992) A new hypothesis on the evolution of sex
determination in vertebrates; big females ZW, big males XY. Neth J Zool 43:
260–273.
22. Beamish FWH (1993) Environmental sex determination in southern brook
lamprey, Ichthyomyzon gagei. Can J Fish Aquat Sci 50: 1299–1307.
23. Krueger WH, Oliveira K (1999) Evidence for environmental sex determination
in the American eel, Anguilla rostrata. Env Biol Fish 55: 381–389.
24. Jobling M (1981) Temperature tolerance and the final preferendum - rapid
methods for the assessment of optimum growth temperatures. J Fish Biol 19:
439–455.
25. Froese R, Pauly D (2008) FishBase. Available: http://www.fishbase.org.
26. Zar JH (1984) Biostatistical analysis. New Jersey: Prentice-Hall. 718 p.
27. Patino R, Davis KB, Schoore JE, Uguz C, Stru ¨ssmann CA, et al. (1996) Sex
differentiation of channel catfish gonads: Normal development and effects of
temperature. J Exp Zool 276: 209–218.
28. Ro ¨mer U, Beisenherz W (1996) Environmental determination of sex in
Apistogramma (Cichlidae) and two other freshwater fishes (Teleostei). J Fish Biol
48: 714–725.
29. Azuma T, Takeda K, Doi T, Muto K, Akutsu M, et al. (2004) The influence of
temperature on sex determination in sockeye salmon Oncorhynchus nerka.
Aquaculture 234: 461–473.
30. Craig JK, Foote CJ, Wood CC (1996) Evidence for temperature-dependent sex
determination in sockeye salmon (Oncorhynchus nerka). Can J Fish Aquat Sci 53:
141–147.
31. Yamamoto E (1999) Studies on sex-manipulation and production of cloned
populations in hirame, Paralichthys olivaceus (Temminck et Schlegel). Aquaculture
173: 235–246.
32. Luckenbach JA, Godwin J, Daniels HV, Borski RJ (2003) Gonadal differenti-
ation and effects of temperature on sex determination in southern flounder
(Paralichthys lethostigma). Aquaculture 216: 315–327.
33. IPCC (2007) Climate Change 2007: The Physical Science Basis.; Solomon S,
Qin D, eds. Cambridge: Cambridge Univ. Press.
34. Valenzuela N, Lance V (2004) Temperature-dependent sex determination in
vertebrates. Washington: Smithsonian Books.
35. Tabata K (1995) Reduction of female proportion in lower growing fish separated
from normal and feminized seedlings of hirane Paralichthys olivaceus. Fish Sci
(Tokyo) 61: 199–201.
36. Piferrer F, Bla ´zquez M, Navarro L, Gonzalez A (2005) Genetic, endocrine, and
environmental components of sex determination and differentiation in the
European sea bass (Dicentrarchus labrax L.). Gen Comp Endocrinol 142: 102–110.
37. Piferrer F, Zanuy S, Carrillo M, Solar II, Devlin RH, et al. (1994) Brief
treatment with an aromatase inhibitor during sex differentiation causes
chromosomally female salmon to develop as normal, functional males. J Exp
Zool 270: 255–262.
38. Uchida D, Yamashita M, Kitano T, Iguchi T (2004) An aromatase inhibitor or
high water temperature induce oocyte apoptosis and depletion of P450
aromatase activity in the gonads of genetic female zebrafish during sex-reversal.
Comp Biochem Physiol A 137: 11–20.
39. Crews D (1994) Temperature, steroids and sex determination. J Endocrinol 142:
1–8.
40. Janzen FJ, Krenz JG (2004) Phylogenetics: which was first TSD or GSD? In:
Valenzuela N, Lance V, eds. Temperature-dependent sex determination in
vertebrates. Washington: Smithsonian Books. pp 121–130.
41. Nelson JS (2006) Fishes of the World, 4 ed. New Jersey: John Wiley and Sons.
42. Hostache G, Pascal M, Tessier C (1995) Influence de la tempe ´rature
d’incubation sur le rapport ma ˆle, femelle chez l’atipa, Hoplosternum littorale
Hancock (1828). Can J Zool 73: 1239–1246.
43. Sullivan JA, Schultz RJ (1986) Genetic and environmental basis of variable sex-
ratios in laboratory strains of Poeciliopsis lucida. Evolution 40: 152–158.
44. Cnaani A, Lee BY, Zilberman N, Ozouf-Costaz C, Hulata G, et al. (2008)
Genetics of sex determination in tilapiine species. Sex Dev 2: 43–54.
Prevalence of TSD in Fish
PLoS ONE | www.plosone.org 10 July 2008 | Volume 3 | Issue 7 | e283745. Bezault E, Clota F, Derivaz M, Chevassus B, Baroiller JF (2007) Sex
determination and temperature induced sex differentiation in three natural
populations of Nile tilapia (Oreochromis niloticus) adapted to extreme temperature
conditions. Aquaculture 272S1: S3–S16.
46. Cornejo AM (2003) Esterilidad en el pejerrey Odontesthes bonariensis en ambientes
naturales. Biol Acua ´t 20: 19–26.
47. Parker K (1980) A direct method for estimating northern anchovy, Engraulis
mordax, spawning biomass. Fish Bull 78: 541–544.
48. Conover DO, Voorhees DAV, Ehtisham A (1992) Sex ratio selection and
changes in environmental sex determination in laboratory populations of Menidia
menidia. Evolution 46: 1722–1730.
49. Yamamoto T, Kajishima T (1969) Sex-hormone induction of reversal of sex
differentiation in the goldfish and evidence for its male heterogamety. J Exp Zool
168: 215–222.
50. Fujioka Y (1998) Survival, growth and sex ratios in gynogenetic diploid
honmoroko. J Fish Biol 59: 851–861.
51. Nomura T, Arai K, Hayashi T, Suzuki R (1998) Effect of temperature on sex
ratios of normal and gynogenetic diploid loach. Fish Sci 64: 753–758.
52. Davis KB, Simco BA, Goudie CA, Parker NC, Cauldwell W, et al. (1990)
Hormonal sex manipulation and evidence for female homogamety in channel
catfish. Gen Comp Endocrinol 78: 218–223.
53. Ueda T, Ojima Y (1984) Sex chromosomes in the Kokanee salmon Oncorhynchus
nerka. Bull Jap Soc Sci Fish 50: 1495–1498.
54. Nanda I, Kondo M, Hornung U, Asakawa S, Winkler C, et al. (2002) A
duplicated copy of DMRT1 in the sex-determining region of the Y chromosome
of the medaka, Oryzias latipes. PNAS 99: 11778–11783.
55. Nanda I, Schartl M, Epplen JT, Feichtinger W, Schmid P (1993) Primitive sex
chromosomes in poeciliid fishes harbor simple repetitive sequences. J Exp Zool
265: 301–308.
56. Mair GC, Scott AG, Penman DJ, Skibinski DOF, Beardmore JA (1991) Sex
determination in the genus Orecochromis:2 .S e xr e v e r s a l ,h y b r i d i s a t i o n ,
gynogenesis and triploidy in O. aureus Steindachner. Theor Appl Genet 82:
153–160.
57. Harvey SC, Boonphakdee C, Campos-Ramos R, Ezaz MT, Griffin DK, et al.
(2003) Analysis of repetitive DNA sequences in the sex chromosomes of
Oreochromis niloticus. Cytogenet Genome Res 101: 314–319.
58. Pandian TJ, Varadaraj K (1990) Development of monosex female Oreochromis
mossambicus broodstock by integrating gynogenetic technique with endocrine sex
reversal. J Exp Zool 255: 88–96.
59. Tabata K (1991) Induction of gynogenetic diploid males and presumption of sex
determination mechanisms in the hirame Paralichthys olivaceus. Bull Jpn Soc Sci
Fish 57: 845–850.
60. Aida S, Arai K (1998) Sex ratio in the progeny of gynogenetic diploid marbled
sole Limanda yokohamae. Fish Sci 64: 989–990.
Prevalence of TSD in Fish
PLoS ONE | www.plosone.org 11 July 2008 | Volume 3 | Issue 7 | e2837